The high resolution nuclear magnetic resonance (NMR) spectra of hydrogen-bonded protons in four tRNAs have been studied at 270 MHz. The relative intensity of the resonances between -11 ppm and -15 ppm of Escherichia coli tRNAlV1l indicate that there are 26 4 3 protons, while only 20 are expected from secondary structure Watson-Crick hydrogen bonds in the cloverleaf structure. Several possible candidates for these extra resonances are suggested by tertiary interactions observed in recent crystallographic studies.
Previous studies indicate that the low field (-11 to -15 ppm) nuclear magnetic resonance (NMR) spectra of nucleic acids contain contributions from one proton in the ring NH hydrogen bond of each base pair (1-3) of the secondary structure.
Recent studies on Eicherichia coli tRNAGlU assigned one addcitional resonance to a tertiary structure hydrogen bond (4); however, the numerous hydrogen bonds from tertiary interaction seen in the recent x-ray crystal structures (5, 6) have not previously been apparent in the NMR spectra of the tRNAs. It is obvious that NMR spectra of tRNAs with greater resolution would allow a more reliable assignment of the resonances, including resonances in the low field region from other kinds of exchangeable protons, as well as possible additional resonances from the tertiary structure. Assignment of the resonances in the yeast tRNAPhe spectrum (3) , together with the spectra of other tRNA species, led to the generation of a set of ring current shift rules which approximately predict the observed resonance positions (7) . These assignments have been strengthened by recent NMR measurements at various temperatures where sequential melting of several different tRNAs was observed (4, 8) . The resulting first order understanding of the low field resonance positions allowed us to identify tRNA species of known sequence which were predicted to give inherently better resolved spectra; such well-resolved spectra would hopefully reveal additional tertiary resonances if they were present. In the present paper Abbreviations: NMR, nuclear magnetic resonance. 
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we take advantage of the better spectral resolution obtained by the use of highly purified tRNA samples, some which have not been studied before, and improved magnetic field homogeneity at 270 MHz, to examine, and in some cases assign, previously unassigned resonances between -9 and -10 ppm, between -10 and -11 ppm, and between -11 and -15 ppm.
For this purpose we have used purified samples of E. coli tRNAlval, E. coli tRNAArg E. coli tRNAPPh, and yeast tRNAAsP. The tertiary structure of yeast tRNAPhe determined crystallographically has been used as a possible model for the additional resonances observed in these tRNAs.
MATERIALS AND METHODS
tRNAlval. E. coli tRNAlv~l was purified by BD-cellulose chromatography (9), DEAE-Sephadex chromatography (10), and RPC-5 (reverse phase) chromatography (11 dropped immediately into ice-cold 10% trichloroacetic acid and washed, dried, and analyzed for radioactivity as described previously (13) . The maximum plateau value of incorporated radioactivity was transformed to nmol of valine and converted to nmol incorporated per nmol of tRNA.
RESULTS Resonances between -9 and -10 ppm Fig. 1 shows the low field NMR spectrum of E. coli tRNAIVal at 350 and at 45°. The spectrum is very well resolved, showing 20 individual peaks between -9 ppm and -15 ppm. The spectral region between -9 ppm and -10 ppm, i.e., closer to the large H20 resonance, is well resolved and, at 350, contains three new peaks at -9.8 ppm, -9.5 ppm, and -9.1 ppm with intensities in the approximate ratio of 1: 1:2. Although resonances had been observed in this region previously (2) the present spectrum with its better baseline and narrower peaks allows more accurate relative intensity measurements. Similar peaks are also seen in three other tRNAs in Resonances between -10 and -11 ppm
In Fig. 2 the region between -10 and -11 ppm has a very flat baseline so that it can be seen that the three tRNAs from E. coli each have a single resonance in this region. Integration with respect to resolved single resonances of tRNAVal, or with respect to the large area between -11 and -15 ppm w T shows that the intensities of these peaks correspond to two protons. The bottom spectrum in Fig. 2 , from yeast tRNAAsP, has an intensity in this region corresponding to about 10 protons. E. coli tRNAval (14, 15) , E. coli tRNAPhe (16) , and E. coli tRNAArg (17) , all contain a single GU pair in their cloverleaf structures and all exhibit a resonance at about -10.5 ppm with intensity corresponding to approximately two protons. However yeast tRNAASP, which contains three GU pairs and 1 GT pair (18) , contains four to five times more intensity in the -10 to -11 ppm region. Based on this correlation we tentatively conclude that GU pairs generate two proton resonances in the -10 to -11 ppm region. Additional support for this assignment has been obtained from the NMR melting experiments on yeast tRNAAsP in which these resonances melt synchronously with the base-paired proton resonances from the same helices (Robillard et al., manuscript in preparation). It is clear from the above considerations that these are not ring NH protons hydrogen bonded to ring nitrogens as would be observed in either tautomeric form of the GU pairs. Alden and Arnott (19) have calculated the strains needed to accommodate a GU "wobble" pair in an RNA helix and conclude this fits well enough into an RNA helix so that very little backbone distortion would exist, as is observed in the crystal structure (5, 6) . This would result in two similar bonds per GU pair between ring NH protons and exocyclic oxygens and could resemble the hydrogen bonds formed in the model system between the ring NH protons and the dimethyl sulfoxide solvent. Katz and Penman (20) showed that this system gave proton resonances in the vicinity of -10.5 ppm. Hence, the present results are not inconsistent with wobble GU pairs. In order to eliminate the possibility that the G and U residues are stacked but not hydrogen bonded at all, it would be necessary to have measurements of the ring NH positions in non-hydrogen bonding solvents under conditions which are presently not available.
Region between -11 and -15 ppm Previous NMR spectra of several tRNAs and hairpin helices demonstrated that the ring NH hydrogen bond of A. U base pairs has an unshifted resonance position approximately 1 ppm to lower field than that of G-C pairs (3, 4) . From these experiments it was deduced that the inherent resonance position of an A. U pair was -14.6 to -14.8 ppm and the actual observed resonance position was shifted at least 0.2 ppm upfield due to ring current shifts from neighboring bases.
Thus A-U pairs were not observed lower than about -14.5 ppm in the yeast tRNAs we had studied. It has not been possible from this viewpoint to understand weak resonances which had previously been observed near -14.9 ppm in E. coli tRNAfMet (7, 21) , E. coli tRNAArg (7) , and E. coli tRNAPhe (21) . Because these resonances were of nonintegral intensity in the samples used previously their interpretation was difficult. In the present highly purified and functional samples of E. coli tRNAPhe, E. coli tRNAArg, and E. coli tRNAVal the resonances observed near -14.9 ppm have intensities close to one full proton. Furthermore, the ring current calculations do not predict any resonance below -14.3 ppm in these three tRNAs. In fact only one resonance is expected in each of these three tRNAs below -13.9 ppm; thus a peak at -14.9 is very anomalous. The following observations led to a hypothesis concerning the origin of the low field resonance: (i) the -14.9 ppm resonance is not observed in . 2) ; the -14.9 ppm resonance is observed in E. coli tRNAlValI E. coli tRNAPhe, E. coli tRNAArg (see Fig. 2 ), and a resonance is also observed at this position in E. coli tRNAf Met (7, 8) . The latter E. coli tRNAs contain S4U at position 8, whereas the former yeast tRNAs contain U at position 8. (ii) In dimethylsulfoxide solution the ring NH proton resonance of S4U is about 1 ppm to lower field than the ring NH resonance of U. (iii) The crystal structure of yeast tRNAPhe contains a tertiary base pair between U at position 8 and A at position 14 (5, 6) .
These three facts suggested that s4U8 and A14 may be involved in a tertiary base pair in these three-E. coli tRNAs and this base pair could generate a resonance below -14.5 ppm.
In order to test this hypothesis experimentally we converted S4U to U by the cyanogen bromide procedure of Walker and RajBhandary (12) . Fig. 3A shows the near ultraviolet spectrum of E. coli tRNA Val before and after treatment with a slight molar excess of CNBr; it is apparent from the 335 nm absorbance that at least 85% of the S4U has been converted to U and the tRNA is still functional after this treatmentsee Fig. 3B . The NMR spectrum of dethiolated tRNA1Val is shown in Fig. 4 . The elimination of the -14.9 ppm resonance concomitant with sulfur removal in a tRNA which is still functional establishes that this resonance is in fact generated by a base pair involving S4U at position 8. By analogy with the crystal structure of yeast tRNAPhe this interaction probably involves tertiary structure hydrogen bonding to A14. The resonances in the main region of the dethiolated spectrum are not as well resolved as in the control material, leaving the possibility that subtle changes in the overall conformation may result from sulfur removal; however, the most obvious change is the loss of the -14.9 ppm peak which we therefore assign to the thiouracil 8 to adenine 14 tertiary bond.
In our previous studies on other tRNAs we have focused our attention on the region between -11 ppm and -15 ppm (1-5); this region contains resonances from ring NH hydrogen bonds, provided their lifetime is longer than about 5 msec (8) . Hence the number of protons in this region reflects the number of base pairs. Several of the smallest peaks in the spectrum of E. coli tRNAVal (Fig. 1) are of approximately equal intensity, e.g., peaks A, B, E, F, N, 0, and P. On the assumption that each of these peaks corresponds to a single base pair, then the integrated intensity of the -11 to -15 ppm region indicates the presence of 26 base pairs, with an estimated error of about 43 protons. Since the secondary structure of E. coli tRNAVal contains only 20 Watson-Crick base pairs, an extremely interesting conclusion to be drawn from this spectrum is that the solution structure of this tRNA contains several extra base pairs involving ring NH hydrogen bonds which could arise from tertiary structure; at least one, the 8 to 14 pair, has been experimentally shown to be derived from the tertiary structure.
DISCUSSION
Our results on the proton NMR spectrum of E. coli tRNAjVRl demonstrate the presence of approximately four protons in the -9 to -10 ppm region which are at too high a field to be shifted ring NH protons. Thus we were forced to consider that they may be hydrogen bonded amino protons which are somehow strongly shifted downfield from their usual resonance position around -7.5 to -8 ppm (2). Katz and Penman observed that amino protons, when hydrogen bonded to exocyclic oxygen atoms, exhibited a downfield shift of only about 0.5 ppm; however the ring NH proton, when hydrogen bonded to a ring nitrogen, suffered a much larger downfield shift of about 1.5-2.5 ppm (20) . Thus an amino proton hydrogen bonded to a ring nitrogen might be shifted into the -9 to -10 ppm region. Examination of the crystal structure of yeast tRNAPhe revealed the presence of such bonds; G15 forms a tertiary base pair with C48 but this is a reverse Watson-Crick pair involving trans glycosyl bonds. As shown in the ring N3 of C48; conversely the ring NH of G15 is bonded to the exocyclic oxygen of C48 instead of to N3. Thus the G15 amino group might be downfield-shifted into the -9 to -10 ppm region. Similarly the bonding of A21 to the U8-A14 pair may involve a similar bond (5) and the bonding of A9 to the U12-A23 pair involves two such amino-ring N hydrogen bonds (5, 6) . We feel these four tertiary hydrogen bonds are possible candidates for the four resonances in the -9 to -10 ppm region, since tRNAVal also contains G15 and C48, A21 and s4U8-A14, and A9 and U12 * A23. Now that one resonance in the -11 to -15 ppm region has been experimentally assigned to the tertiary structure, and since the relative integrated intensities indicate more than 20 base pairs, we must ask what other candidates there are from the crystal structure for this spectral region. In addition to the s4U8* A14, and G15-C48 bonds there are three more ring NHring N hydrogen bonds, the first of which is the Watson-Crick pair G19. C56. Another NH-ring N bond is derived from the ternary complex between m7G46, G22, and C13. In this interaction the ring NH of m7G46 is bonded to the N7 ring nitrogen of G22-see Fig. 5 . A third candidate is the interaction T54-m'A58 (A58 in E. coli tRNAlval) in which the ring NH of T is bonded to a ring nitrogen; this is a Hoogsteen type pair involving N7 of A (5, 6)-see Fig. 5 . In summary, the crystal structure reveals five candidates for tertiary resonances in this region.
In the past we have identified one G* C tertiary resonance in E. coli tRNAGlU and it is certainly possible that there is one additional G* C resonance in that spectrum. The possibility that there are extra resonances from tertiary base pairs in the -11 to -15 ppm region in all the tRNA spectra will be discussed in a more complete report.
With such good agreement between the NMR spectra and other measurements it is clear that in the future NMR can be even more useful in following structural features of tRNA in solution.
